Abstract: A natural way to control fully actuated UAVs is the use of feedback linearization. Indeed, given a sufficiently good knowledge of UAV mechanical properties, the resulting closedloop system is linear and well-suited for further developments (e.g. impedance-based control for physical interactions). In the presence of actuator saturation, however, feedback linearization can lead to undesired and sometimes even unstable behaviors. To overcome this problem, this paper introduces a novel Explicit Reference Governor scheme which is particularly well suited for closed-loop systems with linear dynamics and nonlinear state and input constraints. The advantages of the proposed scheme are illustrated using numerical simulations.
INTRODUCTION
Underactuated Unmanned Aerial Vehicles (e.g. quadrotors and ducted fans) are currently the most employed variety of UAVs due to their simplicity and reduced costs. Nevertheless, many newer applications have illustrated the advantage of using fully actuated UAVs. Indeed, the ability to generate a control wrench acting on all six degrees of freedom can enable maneuvers that are impossible for underactuated UAVs, e.g. generating horizontal forces without tilting. This simplifies the execution of tasks that require physical interaction with the environment, thus paving the way to aerial service robotics applications. In Albers et al. (2010) , a quadrotor equipped with a horizontal propeller is used for aerial cleaning and inspection. A docking and manipulation task with stable attitude is performed in Naldi et al. (2015) with two interconnected ducted-fans. Due to their fully actuated nature and their fairly well-known mechanical properties, fully actuated UAVs are particularly suited for model-dependent control laws such as feedback linearization, as in and in Rajappa et al. (2015) . The main advantage of this control structure is that it decouples the degrees of freedom and allows them to be controlled separately. This makes feedback linearization particularly suited for impedance-based interactions with the environment, like in Lippiello and Ruggiero (2012) , and in Scholten et al. (2013) . However, one of the main issues using feedback linearization is that this decoupling can be lost in the presence of actuator saturation. In some cases, This research has been funded by the Mandats d'Impulsion Scientific "Optimization-free Control of Nonlinear Systems subject to Constraints" of the Fonds de la Recherche Scientifique (FNRS), Ref.
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the resulting loss of control authority over some degrees of freedom can even lead to instability. As a result, it is important to ensure that the control input does not exceed the saturation limits. This can be quite challenging to achieve since feedback linearization simplifies the output dynamics by remapping the control input with a state-dependent transformation. As a result, simple box constraints on the control input are often transformed into highly non-linear state and input constraints which can be difficult to address. Possible solutions for performing feedback linearization in the presence of actuator saturation include switched multi-objective controllers synthesized through a Hamilton-Jacobi reachability computation, as discussed in Oishi (2007) , and anti-windup schemes for nonlinear saturated multi-input systems as proposed in Wang et al. (2015) . This paper proposes an alternative approach which prevents input saturation by implementing a novel strategy based on the recently introduced Explicit Reference Governor (ERG). The ERG, initially introduced in , is an add-on scheme that provides constraint handling capabilities to any pre-stabilized system by suitably manipulating the derivative of the applied reference. Due to its closed-form nature, the ERG is particularly suited for applications with limited computational power. Examples of ERG implementations on underactuated UAVs can be found in , and . The ERG presented in this paper differs greatly from previous results since the presence of feedback linearization enables the use of an alternative formulation.
MODELING
This section provides the general dynamic model of a multirotor UAV by systematically combining two types of modular elements: payload modules, and actuator modules. The two modules will be addressed separately in the following subsections. This kind of modeling is inspired by Naldi et al. (2013) .
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MODELING
This section provides the general dynamic model of a multirotor UAV by systematically combining two types of modular elements: payload modules, and actuator modules. The two modules will be addressed separately in the following subsections. This kind of modeling is inspired by Naldi et al. (2013) . 
Payload Modules
A payload module represents an UAV component and is characterized by a mass and an inertia matrix. Examples of payload modules are batteries, control units, motors, sensors, structural components, and any payload that is mounted on the UAV. By taking into account the masses and moments of inertia of all the payload modules, it is possible to define the body reference frame F M so that the origin coincides with the center of mass (CoM) of the UAV and the body axes are aligned 4 with the principal axes of inertia. The overall mass and moment of inertia of the UAV will be denoted by m and I M , respectively.
Actuator Modules
An actuator module is a module of the UAV able to generate forces and torques. In this paper we will assume that an actuator module is always a motor-driven fixedpitched propeller of negligible mass 5 . As illustrated in Fig. 1 , each actuator module is characterized by its own local reference frame F Ai , such that the origin coincides with the aerodynamic center of pressure (CoP). The forces and torques generated by the i th propeller can be locally obtained as
respectively, where c Li > 0 and c Di > 0 are the positive aerodynamic lift and drag coefficients, s i ∈ {−1, +1} denotes the spin direction of motor i (i.e. s i = ±1 implies that the motor is spinning around ±ẑ Ai ), and ω i is the rotational speed. To compute the effects of the i th actuator module in the body reference frame, let p 
where
T and S (a) is the skew-symmetric matrix such that S(a)b is equivalent to the vector product a × b. The total wrench generated by N A actuator modules is w When B M is full-rank, the system is said to be fully actuated. Due to the limited torque available at each motor, the rotational velocities ω i are upper-bounded in modulus. Likewise, it is preferable to introduce a lower bound on the rotational speed, since electric motors have a low energy efficiency at low rotational speeds. As a result of these physical limitations, the control inputs are subject to the actuator saturation constraints
Dynamic Equations
To take advantage of the decoupling between the translational and rotational dynamics, it is customary to control the UAV in the body reference frame F M relative to the (2002),
T is the vector of linear and angular velocities. I is the spatial inertia matrix, C(ẋ ω )ẋ ω accounts for the Coriolis and centrifugal forces, g is the gravity wrench vector, and B(x ω ) is the control input to wrench mapping matrix. The matrices are defined as
T is the vector of gravitational acceleration and R M I is the rotation matrix that aligns the body reference frame F M to the inertial frame F I .
Kinematic Equations
The attitude of the UAV can be represented through the x-y-z Euler angles convention, i.e. Φ = [φ, θ, ψ] T . By means of three subsequent intrinsic elementary rotations, the motion of the UAV with respect to F I is characterized and defined by the roll-pitch-yaw rotation matrix, i.e.
−cθ sψ sθ cφ sψ + sφ cψ sθ cφ cψ − sφ sθ sψ −sφ cθ sφ sψ − cφ cψ sθ sφ cψ + cφ sθ sψ cφ cθ (7) with c· = cos(·) and s· = sin(·). As well known (see e.g. Siciliano et al. (2009)), the link between ω M andΦ is
with
By inverting equations (8a)- (8b), it follows that the UAV's kinematic model is
T , and
3. CONTROL ARCHITECTURE The objective of this paper is to design a computationally simple control scheme for a generic fully actuated UAV described by the state-space model (5), (10) and subject to input saturation (4). We assume that the UAV has to follow a piece-wise continuous reference r(t), which is not known in advance. To solve the stated problem, the control architecture proposed in this paper is illustrated in Fig. 2 and consists of two control layers. The first layer consists of a classical inverse dynamic control scheme designed so that the UAV asymptotically tends to an auxiliary reference v
(t). The second layer consists of a new Explicit Reference Governor (ERG) which manipulates v(t) so that constraints (4) are always satisfied and the applied reference v(t) tracks r(t).

PRE-STABILIZATION
We consider an inverse dynamics control law (e.g. Siciliano et al. (2009) ) to stabilize the system. Starting from the general model of a fully actuated UAV (5) and using
which leads to a system of double integrators x ω = y.
(13) By controlling the virtual input y with a PD control law y (x,ẋ, v 
where the matrices K P and K D are chosen to be positive definite diagonal matrices
(16b) This ensures that each degree of freedom behaves as an independent linear second-order system with a natural frequency ω ni and a damping ratio ζ i . The main issue with the proposed control scheme is that, in the presence of input saturation, the dynamic inversion (12), (14) cannot be implemented by the actuators and the system dynamics become coupled. As it will be shown in the To overcome this issue, the following section introduces an auxiliary control unit that manipulates the reference v so that input saturations are avoided.
5. EXPLICIT REFERENCE GOVERNOR A possible way to enforce the saturation constraints (4) without modifying the control law (12), (14) is to augment the closed-loop system (15) with a Reference Governor, which is one of the solutions proposed in Kahveci and Kolmanovsky (2009) . As discussed in Casavola and Mosca (1996) and detailed in the surveys Kolmanovsky et al. (2014 )-Garone et al. (2017 , Reference Governors are addon control schemes that provide constraint handling capabilities to any pre-stabilized system by suitably manipulating its applied reference. In most cases, this is done by solving an optimization problem. The recently introduced Explicit Reference Governor, provides a closed-form alternative to optimization-based schemes. The basic theory of the ERG can be found in Garone and Nicotra (2016) . The idea behind the control scheme is to generate the applied reference so that, at any given time instant, the closedloop system would not violate the constraints if v were to remain constant. This is achieved by manipulating the derivativev using the following Lyapunov-based approacḣ
where κ is a positive scalar, V (x,ẋ, v) is a Lyapunov function for the pre-stabilized system 9 , Γ(v) is a threshold value such that V (x,ẋ, v) < Γ(v) implies constraint satisfaction, and ρ(v, r) is a vector field that points from v to r without exiting the set of steady-state admissible solutions. Since (15) is a linear system, the Lyapunov function can be obtained using the quadratic form
As for the threshold value Γ(v), in line of principle one should compute the solution to the optimization problem
where y (x,ẋ, v) is given in (14) and
Unfortunately, this problem is nonconvex and quite challenging to be solved in real-time. To overcome this issue, a solution is to introduce a safety margin 0 < δ < (u max − u min )/2, and define the reduced set of constraints
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The threshold value Γ(v) can then be lower-bounded by computing a scalar Γ δ > 0 such that
(23) The main advantage of this formulation is that Γ δ can be computed offline and stored as a scalar. The main disadvantage is that this approach drastically reduces the ERG performances since conservative bounds on the Lyapunov function value implicitly restrict the norm of the velocity vectorẋ. To improve the system performances, the following subsection will extend the existing ERG by introducing a formulation that performs trajectory predictions over a moving horizon. Subsection 5.2 will then illustrate how the vector field ρ (v, r) in (17) can be designed to ensure (23) for all t ≥ 0.
Trajectory-Based Explicit Reference Governor
Following the same lines of , the ERG scheme in (17) can be extended tȯ
where ∆(x,ẋ, v) is a scalar function such that andx(τ |x,ẋ, v) is the future trajectory of the prestabilized system if the currently applied reference v were to remain constant 10 . Sincev is proportional to ∆(x,ẋ, v), the first condition ensures that ∆(x,ẋ, v) cannot become negative. This property, combined with the second condition, is sufficient to ensure constraint satisfaction. The remaining conditions ensure that the ERG will not stagnate in an undesired equilibrium. Note that the standard ERG (17) can be seen as the generalized ERG (24) with ∆ (x,ẋ, v) = κ(Γ(v) − V (x,ẋ, v) ). In this paper the idea is, rather then using the Lyapunov function to compute ∆, to simulatex(t) for system (15) in the case v is kept constant. This corresponds to solving the following second order linear differential equation
At this point, givenx(τ ), the constraint 11 u max − u i ≥ 0 can be enforced on a finite horizon T > 0 using
where κ T,i is a positive scalar. To ensure the constraint on an infinite horizon, the Lyapunov-based ERG can be used to take into account what happens from time T onward
with κ V > 0. Finally, we obtain ∆ to be used in (24) as ∆(x,ẋ, v) = min
Compared to previously existing ERG schemes, (28) has the advantage of taking the state trajectories directly 10 For the sake of notation simplicity, the dependency ofx from the current state x,ẋ and the current reference v has been dropped. 11 The same approach can be used for the constraint u i − u min ≥ 0.
Explicit Reference Governor
Direction Vector Fig. 3 . Trajectory-Based ERG Scheme into account instead of using Lyapunov level-sets, which reduces the conservativity of the method improving its performances. The main disadvantage is that, clearly, the amount of computations required to implement (28) is higher than the pure Lyapunov-based ERG and increases as T increases. The length of the prediction horizon T > 0 can be selected based on a trade-off between output performances and computational time.
Steady-State Admissibility
Equations (26)- (28) ensure that, given an applied reference satisfying (23), the controlled UAV will not violate the input saturation constraints. The objective of this subsection is to design the component ρ(v, r) of (24) so that v is always steady-state admissible. As proven in , this can be done by selecting
where ρ r (v, r) is a globally defined attraction term which points from v to r, whereas ρ c (v) is a locally defined repulsion term which points away from the boundary U δ . For what concerns the attraction term, a typical choice is
where η r > 0 is a smoothing parameter ensuring ρ r (v, r) is a class C 1 function. As for the repulsion term, let
be an indicator of the minimum distance between the applied reference v and the boundary of the steadystate admissible equilibria. Following from the Artificial Potential Field approach, it is possible to ensure that
Although the computation of ∇χ(v) is not trivial, 13 it is worth noting that UAVs are typically designed so that the planar configuration (i.e. when pitch and roll satisfy θ = φ = 0) is steady-state admissible. This implies that the simplest way to avoid saturation is to redress the UAV usingv θ = −θ andv φ = −φ. This is true regardless of the current position and yaw. Based on this intuition, the following repulsion term is proposed Proceedings of the 20th IFAC World Congress Toulouse, France, July 9-14, 2017 where η c > 0 is a smoothing parameter and where ζ > δ is an influence margin such that χ(v) ≥ ζ implies ρ c (v) = 0.
SIMULATIONS
The fully actuated UAV used in the following simulations is illustrated in Fig. 4 . The control inputs are generated by six motors (Antigravity MN2214 T-MOTOR), all equipped with 10inch fixed-pitch propellers. These actuator modules are characterized by the lift and drag coefficients: c Li = 8.996×10
−6 Ns 2 and c Di = 1.799×10 −7 Nms 2 . The lower and upper saturation limit are u min = 0(rad/s) 2 and u max = 7.555 × 10 5 (rad/s) 2 , respectively. The centers of pressure are positioned coplanar, with angles of 60
• between the radii of the adjacent propellers and with p Ai M = 0.254m. The propellers are tilted about two different axes such that the combined thrust vectors span the space of the cartesian forces and torques and full controllability of the 6 degrees of freedom is guaranteed. The tilting angles are chosen such that a configuration is obtained for which opposite located propellers lie in parallel planes. This, in combination with alternating spin directions, i.e.
i , leads to cancellation of gyroscopic effects and drag torques during hovering of the UAV at φ = θ = 0 rad. The hexrotor has a total mass of m = 1.97kg and an inertia matrix I M = diag{0.0134, 0.0134, 0.0277}kgm 4 . In the following simulations, the system is initialized in the origin at standstill, i.e. x(0) =ẋ(0) = 0 6×1 . The system is then provided with a position and attitude reference that would lead to actuator saturation in the absence of the ERG. Each simulation will compare the behavior of the inverse dynamic control both with and without the trajectory-based ERG. The proposed control law is implemented using the following parameters: natural frequencies ω ni = 4 for i ∈ {1, 2, 3} and ω ni = 6 for i ∈ {4, 5, 6}, damping ratios ζ i = 0.7, prediction horizon T = 3s, scaling factors κ T,i = 10 −5 and κ V = 10 0 , smoothing parameter of the attraction term η r = 10 −1 and of the repulsive term η c = 10 −2 , safety margin δ = 10 4 , influence margin ζ = 2 × 10 4 , and terminal threshold value Γ δ = 0.7. 
Steady-State Admissible Pose Reference
At t = 1s a step reference r x = 1m and r ψ = 5π/180rad is given to the UAV, which is tasked to move without tilting its configuration, i.e. r φ = r θ = 0 rad. Although, r(t) is steady-state admissible, the hexrotor controlled without an ERG becomes unstable due to the actuator saturation depicted in Fig. 5e . This leads to instabilities depicted in Fig. 5a and 5c. The limited capacity to perform this motion is a consequence of the multirotors' tilted propellers and makes it clear that control input constraints Inputs without (5a,5c,5e) and with (5b,5d,5f) ERG must be taken into account. By using the ERG, the UAV is able to reach the desired position without incurring in actuator saturation or instabilities. The obtained response is depicted in Fig. 5b, 5d and 5f.
Steady-State Inadmissible Attitude Reference
At t = 1s, the system is given the reference r φ = r θ = 6π/180rad, which is not steady-state admissible. Without the ERG, unstable behavior is observed due to the permanent saturation of motors 1, 3, 4 and 6 as illustrated in Fig. 6e . This causes instabilities as depicted in Fig. 6a and 6c. This issue is solved by the introduction of the ERG which generates a steady-state admissible reference v which approximates the desired reference r while simultaneously ensuring that the control inputs do not saturate. This can be observed in Fig. 6b, 6d and 6f.
7. CONCLUSIONS This paper proposes a simple and systematic solution for controlling a generic fully actuated multirotor UAV subject to input saturation constraints. The proposed scheme consists of the cascade of two layers. The first layer is responsible of the stabilization of the UAV and consists of a classic feedback linearization. The second is responsible for enforcing the input constraints and consists of a novel trajectory-based Explicit Reference Governor. As illustrated by the numerical simulations, the proposed approach successfully avoids input saturation, even when Inputs without (6a,6c,6e) and with (6b,6d,6f) ERG the desired reference is not steady-state admissible. The proposed control architecture enables the use of feedback linearization schemes on fully actuated UAVs subject to saturations. Future work on the subject include obstacle avoidance with the trajectory-based ERG and the extension of the presented scheme to allow the definition of impedance-based control laws for performing physical interactions with the environment while taking into account actuator limitations.
